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Abstract
The approach of this research is to enlarge the knowledge about the methodologies to increase the maximum
achievable load degree in the context of gasoline CAI engines. This work is the continuation of a previous work related
to the study of the water injection effect on combustion, where this strategy was approached. The operating strategies
to introduce the water and the interconnected settings were deeply analyzed in order to optimize combustion and to
evaluate its potential to increase the maximum load degree when operating in CAI. During these initial tests, the engine
was configured to enhance the mixture autoignition. The compression ratio was high compared to a standard gasoline
engine, and suitable fuel injection strategies were selected based on previous studies from the authors to maximize the
reactivity of the mixture, and get a stable CAI operation.
Once water injection proved to provide encouraging results, the next step dealt in this work, was to go deeper and
explore its effects when the engine configuration is more similar to a conventional gasoline engine, trying to get CAI
combustion closer to production engines. This means, mainly, lower compression ratios and different fuel injection
strategies, which hinders CAI operation. Finally, since all the previous works were performed at constant engine speed,
the engine speed was also modified in order to see the applicability of the defined strategies to operate under CAI
conditions at other operating conditions.
The results obtained show that all these modifications are compatible with CAI operation: the required compression
ratio can be reduced, in some cases the injection strategies can be simplified, and the increase of the engine speed
leads to better conditions for CAI combustion. Thanks to the analysis of all this data, the different key parameters to
manage this combustion mode are identified and shown in the paper.
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Introduction
The general trends on the transport sector are currently
moving to a sustainable energetic model, where clean
engine fuels, renewable energy sources and new combustion
technologies are the hot topic of extensive research. These
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trends have been accelerated by the increasing stringency
of the pollutant emissions regulations, leading to a scenario
where the vehicle-out pollutant emissions and the fuel
efficiency must be improved.
The gasoline Controlled Auto-Ignition (CAI) combustion,
which can be found sometimes also referred as Homoge-
neous Charge Compression Ignition (HCCI), is not a new
invention1;2, but it has recently re-emerged as an interesting
evolution of the combustion process for gasoline engines.
This different concept has a high interest due to a high
efficiency and very low particulate and NOx emissions
compared to the current Spark Ignition (SI) or Compression
Ignition (CI) combustion processes. Unlike the traditional
gasoline engines using a spark plug to start the combustion
of the fuel-air mixture, this combustion process is mainly
governed by the chemical kinetics3;4 of the in-cylinder
mixture: through the control of the thermodynamic condi-
tions (pressure and temperature) and the chemical conditions
(charge composition) a controlled autoignition process can
be achieved5.
In comparison to SI systems, the CAI combustion is
more repetitive, presenting lower variation of the cycle-to-
cycle IMEP (Indicated Mean Effective Pressure), and then
providing much better combustion stability. Besides, this
different combustion mode reaches lower local temperatures
during the combustion event. This results in a noticeable
improvement of the combustion development, the pollutant
emissions are reduced and the fuel consumption is also
reduced in comparison to SI flame front developed
combustion6.
However, there are several troubles to deal with:
First, the pressure gradients generated by this combustion
can be very high since the combustion rates are significantly
higher, especially when the load degree is increased5. These
pressure gradients can damage the mechanical elements of
the engine.
And, second, since there is not a specific element to
initiate the combustion of the charge, the ignition process
has to be started through the control of the mixture
reactivity7, which is very sensitive to the variations on
the operating configuration of the engine, and even to
combustion instabilities. Under these circumstances, since
the combustion phasing is not controlled by the spark, the
combustion process can be over-advanced, delayed, or even
extinguished depending on the reactivity of the charge in
each moment. This “reactivity dependence” constrains the
possibility to operate in CAI conditions throughout all the
engine map5.
This process which was initially achieved in two stroke
engines8, has led to several works in order to get CAI
systems also on four-stroke engines through different
strategies: e.g. increase of the intake temperatures, increase
of the compression ratio, hot residual gases trapping, etc.9–11.
All these strategies have proven to be good ways to achieve
CAI combustion, and have been shown to be an encouraging
improvement for the future gasoline engines on the roads.
But another problem to overcome is the limited operation
range of this combustion mode, currently only achievable
at low load conditions due to its high pressure gradients
and a higher knocking tendency when the load demand is
increased, as well as the raise of combustion instabilities at
low loads due to the poor reactivity of the mixture.
Focusing on the increase of the maximum achievable load
degree for automotive applications, several approaches have
been reviewed. Some of these approaches are well known,
like EGR introduction12;13, charge stratification14, whereas
others more specialized for CAI combustion, as for instance:
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fuel injection adapted strategies, valve train modifications or
fuel composition adaptations15–19.
In this work, the selected approach to overcome these
limitations is based on the introduction of reaction
suppressors within the charge in order to get a better control
of the charge reactivity, thus optimizing the combustion
process.
If the literature is reviewed, some works can be found
dealing with similar topics20–23, all of them introducing
different reactivity suppressors mixed with the fuel (either
directly mixed with the fuel or injected separately). More
precisely, the use of water has been a focus of interest in CAI
or HCCI combustion24;25, since the cooling effect caused
by its high specific heat capacity can be used to control the
timing of the autoignition event, to optimize the combustion
position, and to slow down the excessive combustion rates
when necessary. But not many works puting together CAI
combustion and water injection are available in the literature.
However, if a look is taken to water injection application
in SI engines, it can be seen that this is a really hot topic
of research nowadays. Some relevant and recent works are:
Golzari, R. et al.26, Hoppe, F. et al.27, Li, A.28 or Schmitt, S.
et al.29, just to cite a few examples.
After seeing its potential, the water has been selected as
the reaction suppressor in the current research. The purpose
of the water addition is to better control the mixture reactivity
thanks to its high heat capacity which will be used to reduce
the in-cylinder charge temperatures, which are assumed to
be directly related to the mixture reactivity, and therefore
to the excessive pressure rise rates when the load degree is
increased. This excessive reactivity is the main responsible
for the knock intensity enhancement in CAI combustion.
In a previous work30, water injection has proven to be
a promising solution to enlarge the operating load range.
At that research, the engine configuration was modified to
enhance CAI operation (a high compression ratio was used,
as well as some specific CAI operating strategies, to enhance
the mixture reactivity: trapping of hot residual gases -with
negative valve overlap, NVO- and specific fuel injection
strategies).
Now, the main objective of the present research is
to test different engine configurations (compression ratio
modification, different injection strategies, and different
engine speeds), most of them closer to standard SI engines,
so as to check the feasibility to work under CAI combustion
at different conditions. Additionally, the approach of the
CAI operation to different engine configurations and the
necessary operation strategies to get a stable and efficient
combustion will be also studied.
Finally, the paper structure is going to be as follows:
• Experimental Facilities and Methodology: the experi-
mental setup is described, as well as the followed test
plan and the details of the testing methodology.
• Results and Discussion:
– Water injection in CAI conditions.
– Influence of the compression ratio and fuel
injection strategy.
– Engine speed modification.
• Conclusions: the obtained results are synthesized and
the most important goals during the current research
are remarked.
Experimental facilities and methodology
This section gives the required information to figure out
and support the results presented through the paper by the
explanation of the different parts of the facility, the tests
procedure and the analysis of the results.
Experimental facilities
For this work, a single cylinder four-stroke gasoline engine,
built to operate as a SI, has been used to develop, on an
experimental basis, the different tests. This engine has been
configured in order to get a CAI combustion process by
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changing the actuation of the intake and exhaust valves,
modifying the compression ratio and reconfiguring the fuel
injection strategies. Besides all these modifications, a direct
water injection system has been added as well.
The engine
The engine will be referred as GCAI engine (Gasoline
Controlled Auto-Ignition engine). Table 1 shows its main
specifications, which will be briefly described in the
following lines.
The cylinder head of this engine has been arranged to hold
the referred two injectors and the spark plug, as shown in
Figure 1. In the figure, the central injector is for fuel, whereas
the lateral one is for water, and the chosen operating pressure
of the two injection systems allows to inject both, fuel and
water at any crank angle position. This fact helps to design
the injection strategies without cylinder pressure limitations.
And regarding the spark plug, this one is necessary to start
the combustion when the engine is cold, otherwise it is
impossible to promote the autoignition of the charge, and






Figure 1. Engine head configuration.
Modification of the compression ratio
For the engine compression ratio modification, the piston
has been replaced by a piston with an equivalent shape,
but with a higher separation between the piston surface in
contact with the combustion chamber and the link with the
connecting rod. By this way the bore and stroke of the engine
are maintained, and the clearance between the piston and the
cylinder head is reduced.
The valve train
This system follows a different strategy compared to the
one used for SI operation. Now the valves are controlled so
as to retain a part of the exhaust gases from the previous
cycle in the cylinder. These hot exhaust gases are used
to increase the mixture reactivity and make possible the
controlled autoignition of the charge. Now the camshafts
have a reduced valve lift (Figure 2), compared to the previous
SI configuration, and they also have a Variable Valve Timing
(VVT) system attached to each camshaft.
The Exhaust Valve Closing (EVC) and Intake Valve
Opening (IVO) angles are significantly different compared
to a SI engine. Now, the EVC takes place before Top Dead
Center (TDC) and the IVO after TDC. By this way an
additional period is created surrounding the TDC in between
the exhaust and the intake strokes where the cylinder is
closed with hot residual gases which have not been expelled
during the exhaust stroke. This strategy allows keeping inside
the cylinder a variable rate of hot residual gases, being
recompressed during the end of the exhaust stroke, and
then combined with fresh gases when the intake valves are
opened.
The camshafts position is controlled through the distance
between the EVC and the IVO (EVC-IVO). This distance
(in ºCA) is named Negative Valve Overlap (NVO). It is
important to point out that the actuation of the VVT systems
is symetrical from the TDC (i.e. if the EVC has been
advanced 5◦ CA, therefore the IVC is also delayed 5◦ CA),
so as to simplify and reduce the amount of variables to
control the engine. If the resulting NVO absolute value is
increased, the closure of the exhaust valve is advanced, and
consequently the residual rates are higher. And, on the other
hand, the decrease of the absolute value of NVO implies
smaller negative overlaps, and thus smaller residual rates.
Air supply
The engine is operated with high lambda values in order
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Displacement/ Bore/
Stroke:
400cc / 75mm / 90.5mm
Compression ratio: 14.7 [-] and 13.5 [-]
Valve train: Variable valve timing installed in both camshafts.
Fuel metering: 150 bar nominal pressure DI with solenoid multi-hole (6) injector.
Water metering: 100 bar nominal pressure DI with solenoid multi-hole (5) injector.
Intake: Roots external compressor + heating system, to control pressure and
temperature.
Exhaust: Back-pressure electro-pneumatic valve for pressure regulation.
Fuel: Commercial 95 RON gasoline with 10% of ethanol in volume.
Table 1. Engine specifications
Crank angle [º ATDC]
-90 0 90 180 270 360 450 540 630
Cylinder pressure
Exhaust valve lift Iexh, max = 4.5 mm






























Figure 2. Configuration of the intake and exhaust valve lifts.
to achieve higher efficiency values. But due to the valve
train configurations for CAI operation, the engine is now
significantly less permeable (delay of the intake opening and
higher in-cylinder pressures at this moment), and therefore
the pressure at the intake must be increased to maintain the
whole load degree range and the possibility to decrease the
lambda. Taking this situation, the exhaust pressure is going
to be set to the same value as the intake, with the intention
to simulate the application of a turbocharger as the boosting
system in the present tests.
Fuel injection system
For the fuel injection, a direct injection system with a
solenoid injector and an externally driven gasoline pump
have been selected. As seen in the table, this system
will work with an injection pressure of 150 bar. And
two different injection strategies are going to be defined.
The first one, with an injection splitted in two events: an
initial pre-injection during the NVO period (exhaust gases
recompression), in which a small portion of the total fuel
amount per cycle is injected, and the main injection, placed
as soon as possible to maximize the fuel homogenization
inside the cylinder (Figure 3, top). And the second strategy
will be a single injection event, so that the pre-injection
during the recompression will be removed.
The initial strategy has been selected to get better
conditions for the CAI operation, increasing the charge
reactivity through the initial pre-injection during the
recompression stroke31, and in the second case, in order to
evaluate the performance of the combustion without that pre-
injection.
Along the different tests, the engine load degree is going to
be modified, increasing it progressively until the maximum
achievable. For each test the IMEP will be fixed on a value,
and the fuel amount will be adjusted to keep this value
constant. As there are two fuel injection strategies, in the
case of the splitted injection, the pre-injection has been kept
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Figure 3. Fuel injection strategies.
constant and the DOI (Duration Of Injection) of the main
injection has been modified to adjust the fuel amount keeping
the EOI (End Of Injection) constant. And in the case of the
single injection strategy, the strategy is essentially the same
but without the pre-injection.
Water injection system
For confidentiality reasons, only a few qualitative data of
the water injection system will be given. This one is a DI
system, and it works with distilled water. The amount of
water injected per cycle is calculated from the mass flow
rate measured in a gravimetric balance. Once the amount of
injected water is determined, the ratio between the water and
the injected fuel (water/fuel ratio) will be computed, which
will be the parameter used to define the water addition in
each given test.
The water injection pressure is fixed at 100 bar, based on
a previous optimization30. If this value is increased from
lower values, the engine operation showed to be improved
until reaching 100 bar injection pressure. The knock intensity
and the maximum pressure rise rates (dPmax) were reduced,
and the combustion efficiency and stability were improved.
However, when the injection pressure was further increased,
this improvement did not continue. Besides, higher injection
pressures lead to other troubles, as difficulties to reduce the
water amount injected per stroke, more energy requirements
and an increase of the risk of water-oil dilution.
Methodology
Along this subsection, the works performed, the test plan,
the most important operating boundaries, the measurement
procedures, and the key aspects to understand the work
presented in this paper are going to be summarized and
explained.
The works performed have followed these steps:
• Overview of the water effect on the CAI combustion
(Review of the results of the previous work30).
• Modification of the engine compression ratio (CR) to
a value more commonly used for automotive purposes
in SI engines.
• Study of different fuel injection strategies and their
interaction with water injection for controlling the
combustion.
• Analysis of the effect of the engine speed modification
over all the strategies mentioned in the previous steps.
The test plan has been to increase progressively the load
degree for each engine configuration in order to find the
maximum load degree along the different cases of study.
During this work, each individual test shown has followed a
previous optimization process in order to search for the best
results, and then the main work has continued following the
optimal operating strategies.
The main operating boundaries during this work are
described in the following lines:
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• Intake temperature: as already known, when the engine
is operated with CAI combustion, the temperature of
the intake gases is very important as it modifies the
mixture reactivity. This temperature has been kept
constant at 50º C for all the tests.
• Maximum pressure rise rate (dPmax): the combustion
speeds are very fast under CAI conditions, leading to
very high pressure rise values, which if not controlled,
can damage the engine. The maximum value depends
on the engine structure and materials. In this case,
the limit has been set at 10 bar/CA. If this value is
overpassed, the operation is considered dangerous and
the test is stopped.
• Combustion stability (σIMEP): this parameter is very
important since an unstable combustion leads to lots
of misfires and a loss in the necessary reactivity to
keep a constant CAI combustion. To evaluate this
parameter, the standard deviation of the IMEP is used,
and a threshold of 0.15 bar is defined as the maximum
deviation for CAI combustion, following the same
criteria as in previous works30.
• The combustion knock: the knock characterization
is defined by the MAPO (Maximum Amplitude of
Pressure Oscillations). This value is obtained from the
high frequencies of the in-cylinder pressure signal, and
the maximum value of the corresponding amplitude at
each cycle is taken32. For this work, a MAPO value of
3 bar is considered as light knock (i.e. few cycles with
this knock value are allowable) and for values of 6 bar
or more, are considered as hard knock, and thus not
permitted.
Regarding the measurement of the different tests
performed, two types of data are recorded: instantaneous
and averaged parameters. The instantaneous data is obtained
thanks to the fast pressure measurements, measuring 150
combustion cycles during each test, and after that calculating
the averaged pressure cycle to obtain the heat release law
and the rest of combustion-related parameters by a heat
release analysis33. And the averaged data, is the result of
averaging a measurement during 30 s from the signals with
less temporary resolution, as temperatures or mass flows.
And finally, through this paper the graphs layout shown
in the Figure 4, has been defined as a standard to present
the different results along the document. Inside the figure,
different plots are shown in order to give the most relevant
information in a condensed way. The X axis is common for
all the plots, and the title of each plot shows the Y axis. Each
individual dot presented is the corresponding measured or
calculated data, all of them linked with lines to highlight the
trends of the different parameters shown. Finally, on the plot
were the knock results are presented, there is a singularity:
the dots and the corresponding line are not coincident. This
is because in this plot there are two informations: the dots
are representative of the maximum measured MAPO and the
line represents the average of the measured MAPO during all
the test.
Results and discussion
Water injection in CAI conditions
The works performed about water injection have shown
the potential of this methodology to increase the maximum
achievable load at CAI conditions. By this way the
advantages (low pollutant emissions and better efficiency) of
this singular combustion mode are able to be used in a higher
operation range.
The starting point is a small search of the maximum
achievable load without water on CAI conditions already
presented in30, and the corresponding results are shown in
Figure 4 (black data). The obtained result shows that from
3.5 bar IMEP, the knock, dPmax and σIMEP were out of
the acceptable limits, and consequently the CAI operation
without water injection was constrained. If water was added
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Figure 4. Initial results of the effect of water injection -CR=14.7, splitted fuel injection and 1500 rpm-. Source: Valero-Marco et al. 30
(blue data), the results reveal a noteworthy improvement that
allows to further increase the load degree. The in-cylinder
charge reactivity is reduced, and thus knock and dPmax are
located inside acceptable limits.
Water injection has allowed the increase of the engine
load, and the results of this increase are presented in Figure 5.
This evolution has been achieved through a progressive
increment of the amount of injected water to keep the
combustion inside the established boundaries. For the results
shown in the figure, the engine configuration was as follows:
compression ratio of 14.7, engine speed of 1500 rpm and
split fuel injection strategy. At the same time, it may be
reminded that the other settings employed to control the
combustion have also been optimized at each load level to get
the better efficiency. These are: the NVO, the intake pressure,
the water amount and the Start Of Injection (SOI) of the
water. This optimization process is further dealt with in the
already mentioned previous part of this work30.
If the combustion parameters are observed, a delay of
the combustion phasing and an increase in the combustion
duration with the increase of the engine load can be seen.
The increase of the combustion duration is caused by
the necessary reduction of the mixture reactivity to keep
the combustion inside acceptable knock and dPmax limits.
Then, the combustion phasing (CA50) has been delayed
progressively, mainly due to the combustion duration
increase. But if the combustion onset is reviewed in Figure 6,
the start of the combustion has remained almost constant
(1.25º CA difference between 5 and 10 bar IMEP).
The indicated efficiency has been around 40% in all loads.
However, there is a slight and progressive increase of the
efficiency as the engine load is increased, until the 10 bar
IMEP are reached. This was the maximum load achieved
inside the limits defined for these tests.
Once the results of the load variation in CAI conditions
have been seen, the different trends of each engine operating
setting can be analyzed.
• First, the NVO has to be reduced progressively with
the increase of the load, this means that the amount of
hot residual gases has to be reduced. This is necessary
to reduce the mixture reactivity, since the trapped mass
inside the cylinder is higher, and so does the pressure
and temperature of the charge (higher reactivity).
• Second, the optimum value for the air/fuel ratio is
around lambda 1.75 for all the points. Theoretically,
the leaner the mixture, the higher the efficiency.
But with an excessive increase of the lambda, the
combustion stability is worsened, and finally a value
of lambda of around 1.75 seems to be the appropriate
compromise. In addition, to keep the air excess
around that value, the intake pressure needs to be
progressively increased.
• Third, the required water amount has increased
quickly, becoming necessary an amount of 1.5 times
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Figure 5: Load variation for an engine configuration of CR=14.7 and a split fuel injection
strategy.
16






4 5 6 7 8 9 10 11
IMEP [bar]
CA05 [ºATDC]
Figure 6. Combustion onset of the load variation (CR=14.7 and
a split fuel injection strategy).
the gasoline mass flow at the highest load achieved
(10 bar IMEP) to reduce the excessive pressure
gradients. Regarding the SOI of the water injection,
this has been progressively advanced because the
higher amount of water needs higher injection duration
and more time for evaporation. In this case, the trend is
nonlinear because the amount of water also increases
nonlinearly: (1) the water/fuel ratio increases with the
engine load, and (2) the fuel mass flow also increases
with the engine load.
And finally, regarding the pollutant emissions at these test
sets. The unburned hydrocarbons follow a decreasing trend
with the increase of the engine load (which is a common
result in SI engines)34, and the NOx emissions are really low
for all loads. So, the application of this strategy, as can be
seen, does not have a detrimental effect on emissions.
Influence of the compression ratio and fuel
injection strategy
Based on the above tests, some questions arise: what happens
if the compression ratio is reduced?, and what happens if
the injection is set by removing the pre-injection during
the recompression stroke? This decision is motivated by the
results already obtained, where it has been observed that
there was enough reactivity, even an excess in some cases,
since combustion was generally too advanced and the engine
needed a large amount of water to operate correctly.
The fact of changing these two specifications in the
engine leads to very different conditions for the combustion
process. The lower pressures and temperatures reached at
TDC (associated to the lower CR) and the elimination of
the fuel pre-injection should lead to a decrease in mixture
reactivity. Therefore, it is necessary to see how these changes
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affect the combustion process and redefine which is the
maximum achievable load without water injection now.
The results obtained with this new engine configuration
are shown in Figure 7, and it is observed that the maximum
achievable load without water injection is significantly
higher (around 50% higher compared to the previous
configuration). This proves the big influence of these two
parameters on the CAI combustion, where the reactivity has
to be managed continuously.
To understand the effects of both modifications separately,
different tests have been carried out. In a first step, the CR
has been compared with other previously measured tests
set using the same fuel injection strategy than the one used
before (dual injection).
Figure 8 shows two test sets with the two different
compression ratios. Both test sets have been performed
at 5 bar IMEP with the same NVO configuration. The
combustion phasing has been modified to different crank
angle positions through the modification of the amount of
water injected. As it can be seen, a greater amount of water
is needed to get the same combustion phasing with a higher
CR (27.5% more water in average), even with a slightly
higher air/fuel ratio (the higher the air/fuel ratio, the lower
the temperature).
Therefore, the effect of an increment in compression
ratio, as expected, increases the efficiency and the mixture
reactivity, since the achieved levels of pressure (and,
therefore, temperature) at the end of the compression stroke
are higher.
Regarding emissions, the NOx emissions have been shown
to be smaller with the higher CR. This result shows that
the water effect is stronger than the CR increase. This
is also consistent with the HC emissions because these
have increased with the higher amount of water injected.
The understanding of these two trends can be related to
the reactivity management, since this has to be decreased,
leading to a cooler mixture.
Now that the effect of the CR modification is already
known the lower CR configuration has been retained, and
the effects of the different fuel injection strategies are going
to be analyzed (Figure 9).
With the single injection strategy the reactivity of the
mixture is lower, since there is no fuel injection during the
recompression of the exhaust gases. Therefore, the amount of
water needed is lower. Additionally, this lower reactivity of
the mixture makes it necessary to increase the NVO, getting
lower lambda values for the same intake pressure and higher
pumping losses.
The resulting combustion phasing for the single injection
case has shown to be better. For this engine, the combustion
phasing target has been set to 8º CA in order to optimize the
fuel efficiency, and this has been achieved thanks to the lower
previous in-cylinder reactivity and the settings of the rest
of parameters (e.g. water injection, NVO). This statement
is in agreement with Caton35, who determined also that the
optimal combustion phasing should be in between 5 and 10º
ATDC to optimize the fuel efficiency. Therefore, this change
in injection strategy should lead to a higher efficiency. This
is not the case at low loads, because the lambda of the single
injection case is much lower to get the engine running. But
this is the case for medium loads, where the lambda is similar
for both injection strategies. However, the benefit found at
medium loads does not remain at higher loads, and at 10 bar
IMEP the indicated efficiency decreases. At these conditions,
the required amount of water starts to increase, and thus the
combustion is more delayed.
The maximum load limit of 10 bar IMEP cannot be
surpassed with the modification of the injection strategy,
since the combustion stability is worsened with the single
injection strategy, also explaining why the efficiency
decreases (Figure 9).
The NOx trend does not give any special information
about the best injection strategy. Taking as a reference the
best efficiency tests for each load, independently of the
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Figure 7. Maximum load without water for both engine configurations.
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Figure 8. CA50 variation test at 5 bar constant load.
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Figure 9. Load variation for both injection strategies, split and single.
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injection strategy, NOx are lower for the case having the
best indicated efficiency, and consequently lower for the split
injection cases at low load, and for the single injection cases
at medium and high loads (it has to be reminded that these
emissions are very low during CAI operation, as it can be
seen in the values obtained; apart from that, a singular point
can be seen, where the NOx emissions seem to increase;
however, this is just an indication that a further optimization
process of the operating strategies should be performed to
remove these singular discrepancies). And regarding HC
emissions, the trend is the same as in Figure 5: they decrease
with the engine load. The 10 bar IMEP tests are an exception
to this trend, due to the σIMEP worsening.
Based on these results, the better fuel injection strategy
depends on the engine load. At low engine loads, split
injections are more interesting, since a better efficiency is
obtained thanks to a greater reactivity of the mixture, which
makes easier the combustion. As far as the engine load
is increased, the mixture is reactive enough and the pre-
injection starts to be unnecessary, giving an over-advanced
combustion phasing and worsening the indicated efficiency.
Consequently, in this latter situation, a single injection
strategy is more suitable.
Engine speed modification
When the engine speed is modified, the combustion
conditions are also altered. An increase in speed makes
the engine more adiabatic, meaning that the heat losses are
reduced. Besides, there is less time available to carry out
the scavenging, homogenization and combustion processes.
And, finally, the gas dynamics is also modified. This
makes necessary to explore how the modification of the
engine speed affects the CAI conditions, so as to adapt
the different operation strategies depending on the engine
speed (managing the operating settings to get an optimum
performance).
For this case study, the initial engine speed of 1500 rpm
has been increased up to 2000 rpm. The chosen injection
strategy has been the initial one (split), and both studies have
been performed with a compression ratio of 13.5. For the
higher engine speed case the fuel pre-injection has remained
constant and the main injection has been advanced 20º CA.
Once the required tests to perform a load variation at
different engine speeds (Figure 10) have been performed, it
is possible to see that:
• The efficiency is generally higher.
• The necessary hot residual gases is lower.
• The obtained operation range is slightly wider for
2000 rpm.
• The combustion durations are very similar in terms of
º CA in both speeds, which means that the combustion
speed in terms of time has been increased with
the engine speed (since the combustion propagation
mechanisms here are different than the SI, a further
analysis on the reactivity to separate the different
effects here would be necessary).
• The combustion phasing, except for the first points, is
slightly delayed with respect to the case at 1500 rpm.
The CAI operation at 2000 rpm has been shown to reach
higher efficiencies, since the necessary hot residual rates are
lower and therefore the points can be operated with higher
lambdas. The engine operating settings have changed with
regard to the tests at 1500 rpm, the NVO values have been
reduced, leading to those lower residual rates, lower pumping
loses and an intake pressure reduction thanks to a higher
engine permeability.
With regard to the water injection, the amount to be
injected has been shown to be lower compared to the
1500 rpm case to get similar conditions (30% less water in
average) thanks to the lower NVO values and probably the
lower residence time of the charge inside the cylinder before
combustion. However, it can be pointed out that the same
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Figure 9: Load variation for different engine speeds.
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Figure 10. Load variation for different engine speeds (Split injection and CR=13.5).
SOI angle as in the previous engine speed is used. This is
because, on the one hand, the amount of water is smaller
(this means less time required to evaporate) and, on the
other hand, the engine has a higher angular speed (less time
per stroke). In this particular case both effects are balanced,
resulting in the same SOI. However, for other engine speeds
it would be necessary to evaluate the time required for the
water homogenization, since the present results might not be
always applicable.
The HC emissions follow the same trends explained
previously, and the NOx emissions have decreased with the
increase in engine speed. The interpretation of all these
results indicates that the smaller required reactivity leads to
lower necessary residual rates and higher lambdas during the
combustion process, thus helping to reduce even more NOx
emissions.
Conclusions
All through this work, different engine configurations to
operate a CAI combustion system have been studied, aiming
at increasing the available information about how the
feasibility and the methodology to manage high loads with
water addition can be achieved.
• Summary of the use of water injection under
CAI combustion conditions. Water injection has
demonstrated to be an effective solution to reduce
the excessive charge reactivity during the engine
operation in CAI conditions. Thanks to its higher
specific heat capacity, the temperatures of the air-
fuel mixture during the compression stroke and the
combustion can be reduced, leading to a reduction of
the combustion speeds and delaying the combustion
position. These changes lead to a better control of the
pressure rise rates and the knock intensity, nevertheless
the combustion stability can be worsened, since the in-
cylinder charge reactivity is reduced. The comparison
of the achievable load increase without and with
water injection for the initial engine configuration
have shown an increase from 3.5 bar to 10 bar IMEP
maximum achievable load degree. This means an
improvement of almost three times (↑185%) of the
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maximum load degree achievable in CAI conditions.
Regarding the required amount of water for each load,
this has been shown to be variable: with the load
degree increase, the water requirement increases up to
1.5 times the amount of fuel injected. And regarding
the emissions, this strategy has been shown that it does
not worsen the pollutant emissions. Nevertheless, the
increase of the load increases the difficulties to find a
stable operating point within the defined boundaries,
since the possibilities to control the σIMEP, the knock
and the dPmax are narrower.
• Effect of the compression ratio. The compression
ratio influences the pressure and temperature at the
end of the compression stroke, thus directly affecting
the mixture reactivity. The increase of this parameter
makes necessary a higher amount of water to control
the dPmax and knock. Based on the results shown in
Figure 8, a 27.5% more water in average has been
necessary to increase it from 13.5 to 14.7.
• Effect of the fuel injection strategy modification.
The fuel injection strategy has a significant influence
on the reactivity of the mixture and the combustion
performance, thus affecting the required amount of
water to optimize the engine operation. According
to the results, the fuel pre-injection during the
recompression stroke used to ensure the CAI
combustion has been shown not to be strictly
necessary. Nevertheless, the most suitable injection
strategy has been shown to be dependent on the engine
load. Split injections are the best solution for low
loads since the combustion is more stable and efficient,
but as the engine load is increased, the excessive
mixture reactivity can be reduced changing to a single
injection strategy, which is now more appropriate.
Anyway, the water injection can not be avoided with
the optimization of these parameters.
• Increased engine speed. The obtained results for an
increase in engine speed from 1500 to 2000 rpm have
shown that the necessary charge reactivity is lower to
run the engine in CAI conditions when the speed is
increased. The necessary NVO values are lower, and
the engine can be operated at higher lambdas. Due to
these changes, first, the engine shows better indicated
efficiency and an improved combustion stability, and
second, the required water amount is smaller (30% less
water in average) and the CAI range can be enlarged
compared to the results at lower engine speeds. These
results indicate that the increase of the engine speed
helps also the management of this combustion mode.
Future directions
This work could take two possible directions:
Full map operation scenario:
To achieve an engine able to operate under CAI
combustion in the whole operating map, more research work
is necessary. If the present work is continued, an important
topic would be the way to reduce the water consumption
by means of further optimization of the hardware and the
operating strategies. The increase of the engine speed has
shown good results, but needs to be further analyzed with
data at more speeds. And regarding the CR, a Variable
Compression Ratio system could be a very interesting
solution to deal with the engine reactivity, to optimize the
necessary amount of water, and to explore the different
achievable load degrees.
Partial operation scenario:
This kind of engines could be a good option to implement
them as range extenders for hybrid powertrains, since
the engine operation is constricted to a few steady-state
operating points. In this case, if these operating points are
kept inside the CAI operating range, the emitted pollutants
would be very low compared to a standard SI engine, the
efficiency would be higher, and with the help of the water,
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the output power could be increased. In this direction, the
engine configuration could be defined in view of the results
presented here to optimize the engine design.
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Notation
BDC Bottom Dead Center
CA Crank Angle
CA05 Crank Angle where 5% of the fuel mass
has been burned






dPmax Maximum pressure rise rate
EGR Exhaust Gas Recirculation
EOI End Of Injection
EV C Exhaust Valve Closing
EV O Exhaust Valve Opening
GCAI Gasoline CAI
HCCI Homogeneous Charge Compression Igni-
tion
IMEP Indicated Mean Effective Pressure
IV C Intake Valve Closing
IV O Intake Valve Opening
MAPO Maximum Amplitude of Pressure Oscilla-
tions
NOx Nitrogen Oxides
NV O Negative Valve Overlap
SI Spark Ignition
SOI Start Of Injection
σIMEP Standard deviation of the IMEP
RON Research Octane Number
SOI Start Of Injection
TDC Top Dead Center
V V T Variable Valve Timing
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